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Motivated by the very recent observations of hidden charm pentaquarks Pc(4312)
+, Pc(4440)
+
and Pc(4457)
+ of the LHCb Collaboration, we systematically study the spectra of the doubly-
heavy (with or without charm/bottom numbers) pentaquarks and tetraquarks in non-relativistic
constituent quark model. The model independent variational method is employed to solve the
Schro¨dinger equation, where the test functions adopted are symmetric for the light quarks. In our
study, the Pc(4312)
+ may be assigned as the ground state with spin-parity 1
2
−
or 3
2
−
, while the
Pc(4440)
+ and Pc(4457)
+ may be assigned as the excited states with 1
2
−
, which might all belong to
the sextet with scc¯ = 1 and s` =
3
2
. It is notable that our working framework is quite similar to that
of Hydrogen molecule, but with different potential structure. We also classify these pentaquarks and
tetraquarks in light of the heavy quark symmetry and their decay properties are analyzed. Several
promising channels for the observation of doubly-heavy pentaquarks and doubly-heavy tetraquarks
in experiment are proposed.
I. INTRODUCTION
The discovery of exotic states greatly enriches the
hadron family and our knowledge of the nature of QCD.
Up to date, more than thirty exotic states or candidates,
denoted as XY Z and Pc states, have been observed in
experiment. To understand the properties of those exotic
states and find more possible states are urgent tasks in
hadron physics. However, it seems the journey of exotic
baryon study has just begun.
Very recently, the LHCb Collaboration announced the
observations of hidden charm pentaquarks Pc(4312)
+,
Pc(4440)
+ and Pc(4457)
+ by the Pc(X)
+ → J/ψ + p+
in Λb → J/ψ + p+ + K− decays [1, 2]. The data are
consistent with the 2015 results which led to two pen-
taquarks wide Pc(4380)
+ and narrow Pc(4450)
+ [3]. New
data indicated that the previous Pc(4450)
+ bump ac-
tually belongs to two states Pc(4440)
+ and Pc(4457)
+,
while Pc(4312)
+ is a novel candidate of hidden charm
pentaquark. Their masses and decay widths go as [2]:
MPc(4312)+ = 4311.9± 0.7+6.8−0.6 MeV,
ΓPc(4312)+ = 9.8± 2.7+3.7−4.5 MeV;
MPc(4440)+ = 4440.3± 1.3+4.1−4.7 MeV,
ΓPc(4440)+ = 20.6± 4.9+8.7−10.1 MeV;
MPc(4457)+ = 4457.3± 0.6+4.1−1.7 MeV,
ΓPc(4457)+ = 6.4± 2.0+5.7−1.9 MeV.
∗Corresponding author:qiaocf@ucas.edu.cn
There appear several theoretical interpretations for
these three hidden charm pentaquarks in the litera-
ture [4–17]. In Ref. [4], the three narrow structures
Pc(4312)
+, Pc(4440)
+ and Pc(4457)
+ were depicted as
the molecular ΣcD¯ with (I=1/2, J=1/2), ΣcD¯
∗ with
(I=1/2, J=1/2) and ΣcD¯
∗ with (I=1/2, J=3/2), re-
spectively. In Ref. [5], Pc(4457)
+ was suggested to be
the molecular Σ∗cD¯
∗ with (I=1/2, J=5/2). Authors of
Refs. [6, 8] thought Jp = 12
−
and Jp = 32
−
are compat-
ible when taking both Pc(4440)
+ and Pc(4457)
+ as the
ΣcD¯
∗ bound state.
In the literature, people attempted to investigate the
hidden charm pentaquark system with four quarks and
one anti-quark by different techniques: say meson-baryon
molecular models where the energy spectrum was calcu-
lated by the chiral quark model [18], the coupled channel
unitary approach [19, 20], the chiral effective Lagrangian
approach [21, 22], the QCD sum rules [23], the color-
screen potential model [24], the scattering amplitudes
approach [25]; the diquark-diquark-antiquark model [26–
30], and the compact diquark-triquark model [31, 32]. In
these approaches, for the sakes of simplicity and feasibil-
ity the five-body interaction is usually reduced to quasi
two-body or three-body cluster interactions. In reality,
in fact, there is no priori and sound justification for the
establishment of these clusters in multiquark system. In
other words, the practical configurations of multiquark
systems are still an open question.
In this paper, we study the spectra of hidden heavy
flavor1 pentaquarks, doubly heavy flavor pentaquarks,
1 Throughout the paper, the heavy flavors mean only the charm
and beauty quarks. The top quark mostly decays before forming
a bound state, therefore will not be considered. The light flavors
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2hidden heavy flavor tetraquarks and doubly heavy flavor
tetraquarks in non-relativistic constituent quark model.
Since it is hard to find the exact solution for the
Schro¨dinger equation of multi-body system and consid-
ering the heavy quark masses are much larger than the
light ones, in the calculation we assume that within the
pentaquark system the light quarks move fast around the
two heavy quarks, similar to the situation of a hydrogen
molecule.
The paper is organized as followed. In Sec. II, we give
out the Schro¨dinger equations of the multi-body systems.
By virtue of the variational method, with test functions
we obtain the optimal values for the “free” variables. In
Sec. III, we calculate the spectra of hidden heavy fla-
vor pentaquarks, doubly heavy flavor pentaquarks, hid-
den heavy flavor tetraquarks and doubly heavy flavor
tetraquarks. Promising decay channels for observation
of those multiquark states are analyzed. The last section
is left for summary and conclusions.
II. FORMULAE
A. Five-quark system
In non-relativistic constituent quark model, the Hami-
tonian operator for the hidden charm pentaquark
(cc¯qq′q′′) or the doubly charm pentaquark (ccqq′q¯′′) can
be written as (natural units h¯ = 1, c = 1 implied)
Hˆ =
5∑
i=1
(mi − ∇
2
i
2mi
) +
5∑
j>i=1
λi · λj
4
αs
rij
+
5∑
j>i=1
λi · λj(b1rij − b0) + VS(rij) + VL(rij) (1)
Here, mi and ri denote the mass and the position vector
of quark i, while rij = |ri−rj| is the distance between two
quarks; λi is the Gell-mann matrix of SU(3) color group;
∇2i represents the Laplace operator while αs is the strong
coupling constant. Of this Hamitonian, the first term
includes the mass and kinetic energy of individual quarks;
the second term shows the color Coulomb interaction;
the third one is the color linear confining term with an
unknown coefficients bi; the fourth and the fifth ones are
spin-dependent and orbital excited terms as in Refs. [32–
36]. Therein, the spin-dependent term can be expressed
here mean up and down quarks, of which the isospin symmetry
is satisfied.
as
VS(rij) =
5∑
j>i=1
(−3
8
)
Cij
mimj
λi · λj~si · ~sjvrδ(rij) , (2)
where ~si = ~σi/2 denotes the quark spin operator with
Pauli matrix ~σi.
The Schro¨dinger equation for the multi-quark states
goes as
HˆΨ(ri) = EΨ(ri) , (3)
of which the exact solution is not ready and appears
to be a tough issue. Considering the spin-dependent
term is usually treated as the source of the hyperfine
splitting, it plays less influence to calculate the ground
state. Meanwhile, the orbital term also relates to the
excited states. As for the color linear confinement term,
we do know much about it and the coefficients bi still
have large variation degree of freedom. We may get the
ground states from the first two terms of Hamitonian (2)
through the variational method. Taking account of the
spin-dependent and orbit dependent terms, we can then
obtain the whole spectra of concerned multiquark states.
Considering the heavy quark masses are much larger
than those of the light quarks, we will use Born-
Oppenheimer approximation for simplification. The to-
tal energy for the five quark system will be split into two
heavy quark masses, three light quark masses, kinetic
and potential energies of the light degree of freedom, and
the spin dependent and orbital excited terms. This sepa-
ration is valid at the leading order in non-relativistic ex-
pansion in velocity of heavy quarks, viz., the two heavy
quarks are rest. We assume the distance between two
heavy quarks is R, a free parameter varying in certain
range.
Therefore the Hamitonian operator for the kinetic and
potential energies of the light quarks reads
Hˆq = − 1
2mq
(∇21 +∇22 +∇23)
+
3∑
i
αs
4
λi · λa( 1
ria
+
4
αs
(b1ria + b0))
+
3∑
i
αs
4
λi · λb( 1
rib
+
4
αs
(b1rib + b0))
+
3∑
j>i=1
αs
4
λi · λj( 1
rij
+
4
αs
(b1rij + b0))
+
αs
4
λa · λb( 1
R
+
4
αs
(b1R+ b0)) + VS(rij) . (4)
Here we especially highlight the heavy quarks by letters
“a” and “b”.
3R
FIG. 1: The three light quarks orbit around the two heavy
quarks, where R is a free parameter representing the distance
between two heavy flavors.
For pentaquark (cc¯qq′q′′), where light degrees of free-
dom orbit around the two rest charm quarks, the wave
function can be separated into three sectors, i.e.
Ψ(cc¯qq′q′′) = χλ(λa, λb)⊗ χs(sa, sb)⊗Ψq(q, q′, q′′) .
(5)
Here Ψq(q, q
′, q′′) is the wave function for the three light
quarks, while χλ(λa, λb) and χs(sa, sb) are color and spin
wave functions for the heavy quarks, respectively. Note
that Ψq(q, q
′, q′′) can be decomposed into different sec-
tors, viz. space-coordinate, flavor, color, and spin sub-
spaces,
Ψq(q, q
′, q′′) = R(r1, r2, r3)⊗ χf (f1, f2, f3)
⊗χλ(λ1, λ2, λ3)⊗ χs(s1, s2, s3) , (6)
where R(ri), χf (fi), χλ(λi), and χs(si) are the radial,
flavor, color, and spin wave functions, respectively. Note,
since the isospin symmetry holds in the light degree of
freedom, χf (f1, f2, f3) is symmetric under the exchange
of two light quarks.
For pentaquark (cc¯qq′q′′), the color structure of cc¯ may
be in either 1c or 8c representation, so does the color
structure of qq′q′′, since 3⊗ 3⊗ 3 = 1⊕ 8⊕ 8⊕ 10. In
practice, pentaquark appears in color singlet, and hence
qq′q′′ can not be in the 10 configuration.
On the other hand, for pentaquark (ccqq′q¯′′), the color
structure of cc can be in either 3¯c or 6c representation,
meanwhile the color structure of qq′q¯′′ would be either in
3c or 6¯c representation, because 3⊗3⊗3¯ = 3⊕3⊕6¯⊕15.
In this case, the qq′q′′ can not take the 15 configuration.
The color bases for the pentaquark (cc¯qq′q′′) then ap-
pear as |1cc¯c 1qq
′q′′
c 〉 and |8cc¯c 8qq
′q′′
c 〉. It is not unique for
the color bases of the pentaquark (cc¯qq′q′′). However,
other structures, like |3¯cqc 3c¯q
′q′′
c 〉 and |6cqc 6¯c¯q
′q′′
c 〉, may also
exist.
The color operators can be written as
λi · λj = 1
2
(λ2ij − λ2i − λ2j ) (7)
with λ2ij being the quadratic Casimir operator and satis-
fying
−→
λ 2ijχ(λµ) =
4
3
(
λ2 + µ2 + λµ+ 3λ+ 3µ
)
χ(λµ) . (8)
For the color singlet 1, χ(λµ) = χ(00), while for color
triplet 3, χ(λµ) = χ(10).
The exact solution of the five-body Schro¨dinger equa-
tion is not available and hard to get. In the following, we
will adopt the variational method with a test function.
The radial wave function of the three light quarks in the
ground state of pentaquarks can be assumed as
R(r1, r2, r3) = Cs(Ra(r1)Rb(r2)Ra(r3)
+Rb(r1)Ra(r2)Ra(r3) +Ra(r1)Ra(r2)Rb(r3)) ,
(9)
where the test function is chosen as Ri(rj) =
β3
pi Exp(−βrji) and β is the free parameter. The nor-
malization constant Cs is expressed as
Cs =
√
1
3(1 + 2D2)
, (10)
therein the overlap integral D is defined as
D =
∫ 2pi
0
∫ 1
−1
∫ ∞
0
Ra(rj)Rb(rj)r
2
jdrjd cos θdϕ
= (1 +Rβ +
1
3
R2β2)Exp(−Rβ) . (11)
R
FIG. 2: Sketchy of the two light quarks orbit around the two
heavy flavor quarks. R is the distance between the two heavy
quarks. This picture looks like the hydrogen molecule where
two electrons move around the two protons.
4TABLE I: Color matrix elements for five quark system [c¯(1)c(2)][q(3)q′(4)q′′(5)]. Therein the superscripts 1s and 2s denoting
the two-quark color structures are symmetric and antisymmetric, respectively.
Oˆ ~λ1 · ~λ2 ~λ1 · ~λ3 ~λ1 · ~λ4 ~λ1 · ~λ5 ~λ2 · ~λ3 ~λ2 · ~λ4 ~λ2 · ~λ5 ~λ3 · ~λ4 ~λ3 · ~λ5 ~λ4 · ~λ5
< 11 | Oˆ | 11 > − 16
3
0 0 0 0 0 0 − 8
3
− 8
3
− 8
3
< 8181 | Oˆ | 8181 > 2
3
− 10
3
− 10
3
2
3
− 5
3
− 5
3
− 8
3
4
3
− 5
3
− 5
3
< 8282 | Oˆ | 8282 > −1 −1 −1 −1 − 3
2
− 3
2
−1 − 5
3
− 1
6
− 3
2
< 11 | Oˆ | 8181 > 0 0 0 0
√
2
3
−
√
2
3
0 0 0 0
< 11 | Oˆ | 8282 > 0 0 0 0 −
√
2
3
−
√
2
3
2
√
2
3
0 0 0
< 8181 | Oˆ | 8282 > 0 0 0 0 − 1
2
√
3
1
2
√
3
0 0 −
√
3
2
√
3
2
TABLE II: Color matrix elements for five quark system [c(1)c(2)][q(3)q′(4)]q¯′′(5).
Oˆ ~λ1 · ~λ2 ~λ1 · ~λ3 ~λ1 · ~λ4 ~λ1 · ~λ5 ~λ2 · ~λ3 ~λ2 · ~λ4 ~λ2 · ~λ5 ~λ3 · ~λ4 ~λ3 · ~λ5 ~λ4 · ~λ5
< 63¯3¯ | Oˆ | 63¯3¯ > 4
3
− 5
3
− 5
3
− 10
3
− 5
3
− 5
3
− 10
3
− 8
3
2
3
2
3
< 3¯63¯ | Oˆ | 3¯63¯ > − 8
3
− 5
3
− 5
3
2
3
− 5
3
− 5
3
2
3
4
3
− 10
3
− 10
3
< 3¯3¯3¯ | Oˆ | 3¯3¯3¯ > − 8
3
− 2
3
− 2
3
− 4
3
− 2
3
− 2
3
− 4
3
− 8
3
− 4
3
− 4
3
< 63¯3¯ | Oˆ | 3¯63¯ > 0 −1 1 0 1 −1 0 0 0 0
< 63¯3¯ | Oˆ | 3¯3¯3¯ > 0 −√2 −√2 √8 √2 √2 −√8 0 0 0
< 3¯63¯ | Oˆ | 3¯3¯3¯ > 0 √2 −√2 0 √2 −√2 0 0 −√8 √8
B. Four quarks system
Similarly, the total energy of the four quark system may
be decomposed as two heavy quark masses, two light quark
masses, the kinetic and potential energies of the two light
quarks, and the spin dependent and orbital excited terms.
The Hamitonian for the kinetic and potential energies of the
two light quarks with trivial orbital angular momentum reads
Hˆ′q = − 1
2mq
(∇21 +∇22)
+
2∑
i
αs
4
λi · λa( 1
ria
+
4
αs
(b1ria + b0))
+
2∑
i
αs
4
λi · λb( 1
rib
+
4
αs
(b1rib + b0))
+
αs
4
λ1 · λ2( 1
r12
+
4
αs
(b1r12 + b0))
+
αs
4
λa · λb( 1
R
+
4
αs
(b1R+ b0)) + VS(rij) . (12)
For the tetraquark (c¯c¯qq′) where two light quarks orbit
around the two rest charm quarks, the wave function can be
separated into two part
Ψ(c¯c¯qq′) = χλ(λa, λb)⊗ χs(sa, sb)⊗Ψq(q, q′) ,
(13)
where
Ψq(q, q
′) = R(r1, r2)⊗ χf (f1, f2)
⊗χλ(λ1, λ2)⊗ χs(s1, s2) , (14)
Due to the Isospin symmetry for the light quarks, χf (f1, f2)
is also symmetrical.
For the Tetraquark (c¯c¯qq′), the color structure of c¯c¯ is 3c or
6¯c representation, while the color structure of qq
′ is 3¯c or 6c
representation. Considering the anti-symmetrical properties
for identical fermions, the spin quantum number of c¯c¯ is 0
for color triplet and 1 for color anti-sextet, while the spin
quantum number of qq′ is 0 for color anti-triplet and 1 for
color sextet. For the Tetraquark (cc¯qq¯′), the color structure
is 1c or 8c representation for both cc¯ and qq¯′.
The strict solution for the four-body Schro¨dinger equation
is also not clear. The radial wave function of the two light
quarks in the ground state of pentaquarks can be assumed as
R(r1, r2) = C
′
s(Ra(r1)Rb(r2)) +Rb(r1)Ra(r2)) , (15)
where the normalization constant C′s is expressed as
C′s =
√
1
2(1 +D2)
, (16)
5TABLE III: Spin matrix elements for five quark system [c¯(1)c(2)][q(3)q′(4)q′′(5)]. Therein the superscripts 1s and 2s denoting
the two-quark spin structures are symmetric and antisymmetric, respectively.
JP Bˆ ~σ1 · ~σ2 ~σ1 · ~σ3 ~σ1 · ~σ4 ~σ1 · ~σ5 ~σ2 · ~σ3 ~σ2 · ~σ4 ~σ2 · ~σ5 ~σ3 · ~σ4 ~σ3 · ~σ5 ~σ4 · ~σ5
1
2
−
< 1 3
2
| Bˆ | 1 3
2
> 1 − 5
3
− 5
3
− 5
3
− 5
3
− 5
3
− 5
3
1 1 1
< 0 1
2
1 | Bˆ | 0 1
2
1
> −3 0 0 0 0 0 0 1 −2 −2
< 0 1
2
2 | Bˆ | 0 1
2
2
> −3 0 0 0 0 0 0 −3 0 0
< 1 1
2
1 | Bˆ | 1 1
2
1
> 1 − 4
3
− 4
3
2
3
− 4
3
− 4
3
2
3
1 −2 −2
< 1 1
2
2 | Bˆ | 1 1
2
2
> 1 0 0 −2 0 0 −2 −3 0 0
< 1 3
2
| Bˆ | 0 1
2
1
> 0 −
√
2
3
−
√
2
3
√
8
3
√
2
3
√
2
3
−
√
8
3
0 0 0
< 1 3
2
| Bˆ | 0 1
2
2
> 0 −√2 √2 0 √2 −√2 0 0 0 0
< 1 3
2
| Bˆ | 1 1
2
1
> 0 −
√
2
9
−
√
2
9
√
8
9
−
√
2
9
−
√
2
9
√
8
9
0 0 0
< 1 3
2
| Bˆ | 1 1
2
2
> 0 −
√
2
3
√
2
3
0 −
√
2
3
√
2
3
0 0 0 0
< 0 1
2
1 | Bˆ | 0 1
2
2
> 0 0 0 0 0 0 0 0 −√3 √3
< 0 1
2
1 | Bˆ | 1 1
2
1
> 0
√
4
3
√
4
3
−
√
1
3
−
√
4
3
−
√
4
3
√
1
3
0 0 0
< 0 1
2
1 | Bˆ | 1 1
2
2
> 0 −1 1 0 1 −1 0 0 0 0
< 0 1
2
2 | Bˆ | 1 1
2
1
> 0 −1 1 0 1 −1 0 0 0 0
< 0 1
2
2 | Bˆ | 1 1
2
2
> 0 0 0
√
3 0 0 −√3 0 0 0
< 1 1
2
1 | Bˆ | 1 1
2
2
> 0
√
4
3
−
√
4
3
0
√
4
3
−
√
4
3
0 0 −√3 √3
3
2
−
< 0 3
2
| Bˆ | 0 3
2
> −3 0 0 0 0 0 0 1 1 1
< 1 3
2
| Bˆ | 1 3
2
> 1 − 2
3
− 2
3
− 1
3
− 2
3
− 2
3
− 1
3
1 1 1
< 1 1
2
1 | Bˆ | 1 1
2
1
> 1 2
3
2
3
− 1
3
2
3
2
3
− 1
3
1 1 1
< 1 1
2
2 | Bˆ | 1 1
2
2
> 1 0 0 1 0 0 1 1 −2 −2
< 0 3
2
| Bˆ | 1 3
2
> 0
√
5
3
√
5
3
√
5
3
−
√
5
3
−
√
5
3
−
√
5
3
−3 0 0
< 0 3
2
| Bˆ | 1 1
2
1
> 0
√
1
3
√
1
3
−
√
4
3
−
√
1
3
−
√
1
3
√
4
3
0 0 0
< 0 3
2
| Bˆ | 1 1
2
2
> 0 1 −1 0 −1 1 0 0 0 0
< 1 3
2
| Bˆ | 1 1
2
1
> 0 −
√
5
9
−
√
5
9
√
20
9
−
√
5
9
−
√
5
9
√
20
9
0 0 0
< 1 3
2
| Bˆ | 1 1
2
2
> 0 −
√
5
3
√
5
3
0 −
√
5
3
√
5
3
0 0 0 0
< 1 1
2
1 | Bˆ | 1 1
2
2
> 0 −
√
1
3
√
1
3
0 −
√
1
3
√
1
3
0 0 −√3 √3
5
2
−
< 1 3
2
| Bˆ | 1 3
2
> 1 1 1 1 1 1 1 1 1 1
III. RESULTS AND DISCUSSTION
Combining the spin parts, the spin-color bases for the pen-
taquark ([cc¯][qq′]q′′) can be written as
|0cc, 1qq′ , 1
2 q′′
〉s ⊗ |1cc¯, 3¯qq′ ,3q′′〉c ,
|1cc, 1qq′ , 1
2 q′′
〉s ⊗ |1cc¯, 3¯qq′ ,3q′′〉c ,
|0cc, 0qq′ , 1
2 q′′
〉s ⊗ |8cc¯,6qq′ ,3q′′〉c ,
|1cc, 0qq′ , 1
2 q′′
〉s ⊗ |8cc¯,6qq′ ,3q′′〉c ,
|0cc, 1qq′ , 1
2 q′′
〉s ⊗ |8cc¯, 3¯qq′ ,3q′′〉c ,
|1cc, 1qq′ , 1
2 q′′
〉s ⊗ |8cc¯, 3¯qq′ ,3q′′〉c . (17)
6TABLE IV: Spin matrix elements for five quark system [c(1)c(2)][q(3)q′(4)]q¯′′(5).
JP Sccqq Bˆ ~σ1 · ~σ2 ~σ1 · ~σ3 ~σ1 · ~σ4 ~σ1 · ~σ5 ~σ2 · ~σ3 ~σ2 · ~σ4 ~σ2 · ~σ5 ~σ3 · ~σ4 ~σ3 · ~σ5 ~σ4 · ~σ5
1
2
−
0 < 11 1
2
| Bˆ | 11 1
2
> 1 − 2
3
− 2
3
0 − 2
3
− 2
3
0 1 0 0
1 < 01 1
2
| Bˆ | 01 1
2
> −3 0 0 0 0 0 0 1 −2 −2
< 10 1
2
| Bˆ | 10 1
2
> 1 0 0 −2 0 0 −2 −3 0 0
< 11 1
2
| Bˆ | 11 1
2
> 1 −1 −1 −1 −1 −1 −1 1 −1 −1
< 01 1
2
| Bˆ | 10 1
2
> 0 1 −1 0 −1 1 0 0 0 0
< 01 1
2
| Bˆ | 11 1
2
> 0 −√2 −√2 √2 √2 √2 −√2 0 0 0
< 10 1
2
| Bˆ | 11 1
2
> 0
√
2 −√2 0 √2 −√2 0 0 −√2 √2
3
2
−
1 < 01 1
2
| Bˆ | 01 1
2
> −3 0 0 0 0 0 0 1 1 1
< 10 1
2
| Bˆ | 10 1
2
> 1 0 0 1 0 0 1 −3 0 0
< 11 1
2
| Bˆ | 11 1
2
> 1 −1 −1 1
2
−1 −1 1
2
1 1
2
1
2
< 01 1
2
| Bˆ | 10 1
2
> 0 1 −1 0 −1 1 0 0 0 0
< 01 1
2
| Bˆ | 11 1
2
> 0 −√2 −√2 −
√
1
2
√
2
√
2
√
1
2
0 0 0
< 10 1
2
| Bˆ | 11 1
2
> 0
√
2 −√2 0 √2 −√2 0 0
√
1
2
−
√
1
2
2 < 11 1
2
| Bˆ | 11 1
2
> 1 1 1 − 3
2
1 1 − 3
2
1 − 3
2
− 3
2
5
2
−
2 < 11 1
2
| Bˆ | 11 1
2
> 1 1 1 1 1 1 1 1 1 1
Similarly, the spin-color bases for the pentaquark
([cc][qq′]q¯′′), tetraquark ([cc¯][qq¯′], and tetraquark ([c¯c¯][qq′])
can be written as
|0cc, 1qq′ , 1
2 q¯′′
〉s ⊗ |6cc, 3¯qq′ , 3¯q¯′′〉c ,
|1cc, 0qq′ , 1
2 q¯′′
〉s ⊗ |3¯cc,6qq′ , 3¯q¯′′〉c ,
|1cc, 1qq′ , 1
2 q¯′′
〉s ⊗ |3¯cc, 3¯qq′ , 3¯q¯′′〉c , (18)
|0cc¯, 0qq¯′〉s ⊗ |1cc¯, 1¯qq¯′〉c(or |8cc¯, 8¯qq¯′〉c) ,
|0cc¯, 1qq¯′〉s ⊗ |1cc¯, 1¯qq¯′〉c(or |8cc¯, 8¯qq¯′〉c) ,
|1cc¯, 0qq¯′〉s ⊗ |1cc¯, 1¯qq¯′〉c(or |8cc¯, 8¯qq¯′〉c) ,
|1cc¯, 1qq¯′〉s ⊗ |1cc¯, 1¯qq¯′〉c(or |8cc¯, 8¯qq¯′〉c) , (19)
and
|0c¯c¯, 0qq′〉s ⊗ |6¯c¯c¯,6qq′〉c ,
|1c¯c¯, 1qq′〉s ⊗ |3c¯c¯, 3¯qq′〉c , (20)
respectively.
Note, in our approach, β and R are free parameters. The
linear confinement potential is also unknown because of the
lack of the information of b1 and b0. For simplicity, in the
calculation we do not consider the linear confinement poten-
tial contribution but let parameters β and R vary. The color
and spin matrix elements are given in Tabs. I, II, III, and
IV. The constituent quark masses are chosen as employed in
[34, 35, 37, 38], i.e. mq = 305±20 MeV, mc = 1670±10 MeV,
and mb = 5008± 10 MeV for mesons (Set I); mq = 362± 20
MeV, mc = 1721 ± 10 MeV, and mb = 5050 ± 10 MeV
for baryons (Set II). Therein we vary the light quark mass
by 20 MeV while the heavy quark mass by 10 MeV. Thus
the central values of constituent quarks masses threshold be-
come 3.950 GeV for charm tetraquarks, 10.63 GeV for bottom
tetraquarks, 4.528 GeV for charm pentaquarks, and 11.19
GeV for bottom pentaquarks. The couplings are chosen as
Cqq/m2q = 193 ± 19 MeV, Ccq/(mqmc) = 23 ± 2 MeV,
Cbq/(mqmb) = 12 ± 1 MeV and Cqq¯/m2q = 318 ± 32 MeV,
Ccq¯/(mqmc) = 69 ± 7 MeV, Cbq¯/(mqmb) = 23 ± 2 MeV,
Ccc¯/m2c = 57± 6 MeV, Cbb¯/m2b = 31± 3 MeV [36], where 10
percent uncertainty is implied.
Through the calculation, we find that the optimal value of
β is around 50 MeV, while the optimal value of R is around
1 fm for doubly heavy flavor tetraquarks. For hidden heavy
flavor tetraquark, hidden heavy flavor pentaquark, and dou-
bly heavy flavor pentaquark, the optimal value of β is around
100 MeV, while the optimal value of R is 0 which leads to
divergence. We find the QQ¯qq′q′′ and QQ¯qq¯′ system becomes
more attractive than the QQqq′q¯′′ and Q¯Q¯qq′ systems when
the heavy flavor distance R tends to small. To avoid the diver-
gence, we set a typical value of 1 fm for R for hidden heavy
flavor tetraquarks and heavy flavor pentaquarks. Noticing
the test function in the variational method may induce some
uncertainties, we estimate this type of error induced by cal-
culating the variance, the square of the standard deviation
σ =
√
〈Hˆ2〉 − 〈Hˆ〉2, which is about 100 MeV for hidden heavy
flavor tetraquarks, hidden heavy flavor pentaquarks and dou-
bly heavy flavor pentaquarks, while about 50 MeV for doubly
heavy flavor tetraquarks.
The spectra of the pentaquarks are given in Tabs. V and VI,
where the values of the parameters are chosen as Set II. These
7TABLE V: Hidden- and double-charm pentaquark spectra (in GeV) under the classification of the heavy quark spin symmetry.
The s` in the table represents the spin of the light degrees of freedom with sˆ` = Jˆ − sˆHQP where the heavy quark pair spin
sHQP may be either scc¯ or scc. The parameters given in Set II are widely used in the literature and are also employed in our
analysis for pentaquarks. The uncertainty in the table stems from the variation of parameters. It should be mentioned that
another source of uncertainty is not included here, i.e. the standard deviation σ =
√
〈Hˆ2〉 − 〈Hˆ〉2 from the test function, which
may induce about ±100 MeV uncertainties to the final results. Note, when the pentaquark ground state with certain JP is
above the threshold of constituent quark masses, it will be highlighted with an asterisk.
Constituents Color structure Mass JP scc¯ or scc s` Multiplet or singlet Label
cc¯qq′q′′ |1cc¯, 3¯qq′ ,3q′′〉 4.269± 0.059 12
−
0 1
2
Triplet 1
cc¯qq′q′′ |8cc¯,6qq′ ,3q′′〉 4.593∗ ± 0.088 12
−
0 1
2
Triplet 2
cc¯qq′q′′ |8cc¯, 3¯qq′ ,3q′′〉 4.468+0.076−0.075 12
−
0 1
2
Triplet 3
cc¯qq′q′′ |1cc¯, 3¯qq′ ,3q′′〉 4.559∗+0.085−0.086 32
−
0 3
2
Doublet 1
cc¯qq′q′′ |8cc¯, 3¯qq′ ,3q′′〉 4.559∗+0.084−0.085 32
−
0 3
2
Doublet 2
cc¯qq′q′′ |1cc¯, 3¯qq′ ,3q′′〉 4.383± 0.068 12
−
1 1
2
Sextet 1
cc¯qq′q′′ |1cc¯, 3¯qq′ ,3q′′〉 4.673∗+0.097−0.098 32
−
1 1
2
Sextet 2
cc¯qq′q′′ |8cc¯,6qq′ ,3q′′〉 4.576∗+0.086−0.087 12
−
1 1
2
Sextet 3
cc¯qq′q′′ |8cc¯,6qq′ ,3q′′〉 4.357± 0.065 32
−
1 1
2
Sextet 4
cc¯qq′q′′ |8cc¯, 3¯qq′ ,3q′′〉 4.470+0.076−0.075 12
−
1 1
2
Sextet 5
cc¯qq′q′′ |8cc¯, 3¯qq′ ,3q′′〉 4.589∗+0.088−0.087 32
−
1 1
2
Sextet 6
cc¯qq′q′′ |1cc¯, 3¯qq′ ,3q′′〉 4.673∗+0.097−0.098 12
−
1 3
2
Sextet 1
cc¯qq′q′′ |1cc¯, 3¯qq′ ,3q′′〉 4.673∗+0.097−0.098 32
−
1 3
2
Sextet 2
cc¯qq′q′′ |1cc¯, 3¯qq′ ,3q′′〉 4.673∗+0.097−0.098 52
−
1 3
2
Sextet 3
cc¯qq′q′′ |8cc¯, 3¯qq′ ,3q′′〉 4.533∗ ± 0.082 12
−
1 3
2
Sextet 4
cc¯qq′q′′ |8cc¯, 3¯qq′ ,3q′′〉 4.565∗ ± 0.085 32
−
1 3
2
Sextet 5
cc¯qq′q′′ |8cc¯, 3¯qq′ ,3q′′〉 4.608∗ ± 0.089 52
−
1 3
2
Sextet 6
ccqq′q¯′′ |6cc, 3¯qq′ , 3¯q¯′′〉 4.642∗ ± 0.094 12
−
0 1
2
Singlet 1
ccqq′q¯′′ |6cc, 3¯qq′ , 3¯q¯′′〉 4.523+0.082−0.083 32
−
0 3
2
Singlet 1
ccqq′q¯′′ |3¯cc,6qq′ , 3¯q¯′′〉 4.592∗+0.090−0.089 12
−
1 1
2
Quartet 1
ccqq′q¯′′ |3¯cc,6qq′ , 3¯q¯′′〉 4.567∗+0.087−0.088 32
−
1 1
2
Quartet 2
ccqq′q¯′′ |3¯cc, 3¯qq′ , 3¯q¯′′〉 4.451+0.075−0.076 12
−
1 1
2
Quartet 3
ccqq′q¯′′ |3¯cc, 3¯qq′ , 3¯q¯′′〉 4.414+0.072−0.073 32
−
1 1
2
Quartet 4
ccqq′q¯′′ |3¯cc,6qq′ , 3¯q¯′′〉 4.549∗+0.086−0.085 12
−
1 3
2
Triplet 1
ccqq′q¯′′ |3¯cc,6qq′ , 3¯q¯′′〉 4.596∗ ± 0.090 32
−
1 3
2
Triplet 2
ccqq′q¯′′ |3¯cc, 3¯qq′ , 3¯q¯′′〉 4.656∗+0.096−0.097 52
−
1 3
2
Triplet 3
pentaquarks are grouped into different multiplets or singlets
under the heavy quark symmetry. Here we only focus on the
S-wave states and ignore the orbitally excited states. Con-
sidering of the LHCb data for the hidden charm pentaquarks,
the Pc(4312)
+ may be assigned to the ground state with spin-
parity 1
2
−
or 3
2
−
; the Pc(4440)
+ and Pc(4457)
+ may be as-
signed to the excited states with 1
2
−
or 3
2
−
. Besides, the wide
resonance Pc(4380)
+ may be assigned to the excited state
with 1
2
−
, or the ground state with 3
2
−
, or from the interfer-
ence by two states with 1
2
−
. Of course, one may notice that
the Pc(4440)
+ and Pc(4457)
+ state might also be the ground
state of 5
2
−
or the excited states of 3
2
−
if we employ the pa-
rameter values of Set I.
8TABLE VI: Hidden- and double-bottom pentaquark spectra (in GeV) in the classification of the heavy quark spin symmetry.
Constituents Color structure Mass JP sbb¯ or sbb s` Multiplet or singlet Label
bb¯qq′q′′ |1bb¯, 3¯qq′ ,3q′′〉 10.98± 0.06 12
−
0 1
2
Triplet 1
bb¯qq′q′′ |8bb¯,6qq′ ,3q′′〉 11.26∗ ± 0.09 12
−
0 1
2
Triplet 2
bb¯qq′q′′ |8bb¯, 3¯qq′ ,3q′′〉 11.15± 0.08 12
−
0 1
2
Triplet 3
bb¯qq′q′′ |1bb¯, 3¯qq′ ,3q′′〉 11.27∗ ± 0.09 32
−
0 3
2
Doublet 1
bb¯qq′q′′ |8bb¯, 3¯qq′ ,3q′′〉 11.24∗ ± 0.09 32
−
0 3
2
Doublet 2
bb¯qq′q′′ |1bb¯, 3¯qq′ ,3q′′〉 11.04± 0.07 12
−
1 1
2
Sextet 1
bb¯qq′q′′ |1bb¯, 3¯qq′ ,3q′′〉 11.34∗ ± 0.10 32
−
1 1
2
Sextet 2
bb¯qq′q′′ |8bb¯,6qq′ ,3q′′〉 11.25∗ ± 0.09 12
−
1 1
2
Sextet 3
bb¯qq′q′′ |8bb¯,6qq′ ,3q′′〉 11.03± 0.07 32
−
1 1
2
Sextet 4
bb¯qq′q′′ |8bb¯, 3¯qq′ ,3q′′〉 11.15± 0.04 12
−
1 1
2
Sextet 5
bb¯qq′q′′ |8bb¯, 3¯qq′ ,3q′′〉 11.26∗ ± 0.05 32
−
1 1
2
Sextet 6
bb¯qq′q′′ |1bb¯, 3¯qq′ ,3q′′〉 11.34∗ ± 0.10 12
−
1 3
2
Sextet 1
bb¯qq′q′′ |1bb¯, 3¯qq′ ,3q′′〉 11.34∗ ± 0.10 32
−
1 3
2
Sextet 2
bb¯qq′q′′ |1bb¯, 3¯qq′ ,3q′′〉 11.34∗ ± 0.10 52
−
1 3
2
Sextet 3
bb¯qq′q′′ |8bb¯, 3¯qq′ ,3q′′〉 11.24∗ ± 0.08 12
−
1 3
2
Sextet 4
bb¯qq′q′′ |8bb¯, 3¯qq′ ,3q′′〉 11.25∗ ± 0.09 32
−
1 3
2
Sextet 5
bb¯qq′q′′ |8bb¯, 3¯qq′ ,3q′′〉 11.27∗ ± 0.09 52
−
1 3
2
Sextet 6
bbqq′q¯′′ |6bb, 3¯qq′ , 3¯q¯′′〉 11.30∗+0.09−0.10 12
−
0 1
2
Singlet 1
bbqq′q¯′′ |6bb, 3¯qq′ , 3¯q¯′′〉 11.18± 0.08 32
−
0 3
2
Singlet 1
bbqq′q¯′′ |3¯bb,6qq′ , 3¯q¯′′〉 11.25∗+0.08−0.09 12
−
1 1
2
Quartet 1
bbqq′q¯′′ |3¯bb,6qq′ , 3¯q¯′′〉 11.24∗+0.08−0.09 32
−
1 1
2
Quartet 2
bbqq′q¯′′ |3¯bb, 3¯qq′ , 3¯q¯′′〉 11.12+0.08−0.07 12
−
1 1
2
Quartet 3
bbqq′q¯′′ |3¯bb, 3¯qq′ , 3¯q¯′′〉 11.09+0.07−0.08 32
−
1 1
2
Quartet 4
bbqq′q¯′′ |3¯bb,6qq′ , 3¯q¯′′〉 11.21∗+0.09−0.08 12
−
1 3
2
Triplet 1
bbqq′q¯′′ |3¯bb,6qq′ , 3¯q¯′′〉 11.25∗ ± 0.09 32
−
1 3
2
Triplet 2
bbqq′q¯′′ |3¯bb, 3¯qq′ , 3¯q¯′′〉 11.30∗ ± 0.09 52
−
1 3
2
Triplet 3
The spectra of the hidden charm tetraquarks are (in GeV)
m(cc¯qq′) =

3.860± 0.051, JP = 0+, scc¯ = 0, s` = 0,
3.735± 0.039, JP = 1+, scc¯ = 0, s` = 1,
3.956± 0.061, JP = 1+, scc¯ = 1, s` = 0,
4.023+0.068−0.067, J
P = 0+, scc¯ = 1, s` = 1,
3.854+0.051−0.050, J
P = 1+, scc¯ = 1, s` = 1,
4.096± 0.075, JP = 2+, scc¯ = 1, s` = 1.
(21)
Considering of the available data for the hidden charm
tetraquarks, the X(3823) state [39] may be thought of the
ground hidden charm tetraquark state with 0+; Zc(3900) [40]
may be assigned as the hidden charm tetraquark state with
1+; and Zc(4020) [41] may be assigned as one of the excited
states of hidden charm tetraquark state with 0+ or 1+, or the
ground hidden charm tetraquark state with 2+ .
The spectra of the doubly charm tetraquarks become (in
GeV)
m(ccq¯q¯′) =

3.986+0.069−0.068, J
P = 0+, scc = 0, s` = 0,
3.923± 0.059, JP = 0+, scc = 1, s` = 1,
3.957+0.063−0.062, J
P = 1+, scc = 1, s` = 1,
4.026± 0.069, JP = 2+, scc = 1, s` = 1.
(22)
From the above analysis, there exist three separated singlets
and one triplet for hidden charm tetraquarks, while exist one
singlet and one triplet for doubly charmed tetraquarks.
Similarly, the spectra of the hidden bottom tetraquarks
9TABLE VII: The relative weights of various hidden- and double-charmed pentaquark decay processes under the heavy quark
symmetry. The similar ratios for hidden- and double-bottom states can be readily obtained by the replacements of c→ b, Pc →
Pb, Pcc → Pbb, J/ψ → Υ, ηc → ηb, and Ξcc → Ξbb.
Pc → H[cc¯] + P
Γi/Γj R Γi/Γj R
Γ(Pc(J
P= 1
2
−
,scc¯=1,s`=
3
2
)→(J/ψp)|
J′= 3
2
)
Γ(Pc(JP=
1
2
−
,scc¯=1,s`=
3
2
)→(J/ψp)|
J′= 1
2
)
1
8
Γ(Pc(J
P= 3
2
−
,scc¯=1,s`=
3
2
)→(J/ψp)|
J′= 3
2
)
Γ(Pc(JP=
3
2
−
,scc¯=1,s`=
3
2
)→(J/ψp)|
J′= 1
2
)
4
5
Γ(Pc(J
P= 3
2
−
,scc¯=1,s`=
3
2
)→(J/ψp)|
J′= 1
2
)
Γ(Pc(JP=
1
2
−
,scc¯=1,s`=
3
2
)→(J/ψp)|
J′= 1
2
)
5
8
Γ(Pc(J
P= 3
2
−
,scc¯=1,s`=
3
2
)→(J/ψ∆)|
J′= 3
2
)
Γ(Pc(JP=
1
2
−
,scc¯=1,s`=
3
2
)→(J/ψp)|
J′= 1
2
)
121
200
Γ(Pc(J
P= 3
2
−
,scc¯=1,s`=
3
2
)→(J/ψ∆)|
J′= 5
2
)
Γ(Pc(JP=
1
2
−
,scc¯=1,s`=
3
2
)→(J/ψp)|
J′= 1
2
)
27
100
Γ(Pc(J
P= 3
2
−
,scc¯=1,s`=
3
2
)→(J/ψ∆)|
J′= 1
2
)
Γ(Pc(JP=
1
2
−
,scc¯=1,s`=
3
2
)→(J/ψp)|
J′= 1
2
)
1
4
Γ(Pc(J
P= 1
2
−
,scc¯=1,s`=
3
2
)→(J/ψ∆)|
J′= 1
2
)
Γ(Pc(JP=
1
2
−
,scc¯=1,s`=
3
2
)→(J/ψp)|
J′= 1
2
)
5
8
Γ(Pc(J
P= 1
2
−
,scc¯=1,s`=
3
2
)→(J/ψ∆)|
J′= 3
2
)
Γ(Pc(JP=
1
2
−
,scc¯=1,s`=
3
2
)→(J/ψp)|
J′= 1
2
)
1
2
Γ(Pc(J
P= 1
2
−
,scc¯=0,s`=
1
2
)→ηc∆)
Γ(Pc(JP=
1
2
−
,scc¯=0,s`=
1
2
)→ηcp)
1
Γ(Pc(J
P= 3
2
−
,scc¯=0,s`=
3
2
)→ηc∆)
Γ(Pc(JP=
3
2
−
,scc¯=0,s`=
3
2
)→ηcp)
1
Pcc → Hcc + P
Γi/Γj R Γi/Γj R
Γ(Pcc(J
P= 1
2
−
,scc=0,s`=
1
2
)→Ξcc(JP= 32
−
)pi
Γ(Pcc(JP=
1
2
−
,scc=0,s`=
1
2
)→Ξcc(JP= 12
−
)pi
1
Γ(Pcc(J
P= 1
2
−
,scc=1,s`=
1
2
)→Ξcc(JP= 12
−
)pi
Γ(Pcc(JP=
3
2
−
,scc=1,s`=
1
2
)→Ξcc(JP= 32
−
)pi
1
become (in GeV)
m(bb¯qq′) =

10.66± 0.05, JP = 0+, sbb¯ = 0, s` = 0,
10.70± 0.05, JP = 1+, sbb¯ = 0, s` = 1,
10.77± 0.06, JP = 1+, sbb¯ = 1, s` = 0,
10.83± 0.07, JP = 0+, sbb¯ = 1, s` = 1,
10.74± 0.06, JP = 1+, sbb¯ = 1, s` = 1,
10.82± 0.07, JP = 2+, sbb¯ = 1, s` = 1.
(23)
The spectra of the doubly bottom tetraquarks are (in GeV)
m(bbq¯q¯′) =

10.68± 0.07, JP = 0+, sbb = 0, s` = 0,
10.65± 0.06, JP = 0+, sbb = 1, s` = 1,
10.66± 0.06, JP = 1+, sbb = 1, s` = 1,
10.68± 0.07, JP = 2+, sbb = 1, s` = 1.
(24)
We calculate the spectra of the S-wave multi-quark states
with two heavy flavors. The orbitally excited states are not
considered here. To pin down these multi-quark states, find-
ing some experimentally accessible channels are necessary and
important. For the hidden heavy flavor pentaquarks, based
on certain analysis, we believe Λb → J/ψ + p+(∆+) + K−,
Λb → J/ψ + n+ K¯0, pp(p¯)→ Υ + p+(∆+) +X and pp(p¯)→
Λc/b + D¯(B¯) + X processes are hopefully detectable in cur-
rently running experiments. For the doubly heavy flavor pen-
taquarks, the pp(p¯)→ Λc/b +D(B) +X process might be ac-
cessible, and for the doubly heavy flavor tetraquarks, one may
pay attention to pp(p¯)→ Λ¯ + Ξc+X and pp(p¯)→ p¯+ Ξb+X
processes.
Note, one may get the information of relative ratios of dif-
ferent processes via the analysis of heavy quark spin symmetry
[42, 43]. Take the two-body exclusive decay of hidden charm
pentaquark to S-wave a charmonium and a light baryon as an
example, the decay widths in the heavy quark symmetry tells
Γ ∝ (2s` + 1)(2J ′ + 1)
∣∣∣∣∣
{
L s′` s`
scc¯ J J
′
}∣∣∣∣∣
2
, (25)
in terms of the 6j symbols of Clebsch-Gordan coefficients.
Here, L denotes the orbital angular momentum of the emitted
light baryon; s′` is the light degree of freedom in final states;
J represents the total angular momentum of the pentaquark
while J ′ is the total angular momentum of the charmonium
and light baryon.
To summarize, we give some explanation on the calculation
yields in the following:
• Considering the LHCb measurements of Pc(X) →
J/ψ+ p, the spin of heavy quark pair scc¯ can only be 1
under the heavy quark symmetry. Possible choices for
Pc(4312), Pc(4440) and Pc(4457) imply that they all
belong to the sextet with scc¯ = 1 and s` =
3
2
in Tab. V.
So their spin-parity JP cold be either 1
2
−
or 3
2
−
. Due to
the parity conservation, the orbital angular momentum
of the light baryon can only be odd. If one ignores the
phase space effect, the ratios of different decay chan-
nels under the heavy quark symmetry can be obtained,
which are listed in Tab. VII.
• For double-charm pentaquark decays, we present the
relative ratios in Tab. VII. For tetraquarks decays, the
Tc(J
P = 1+, scc = 1, s` = 1) → J/ψpi processes are
legitimate under the heavy quark symmetry and thus
the Zc states may be assigned to tetraquarks Tc(J
P =
1+, scc = 1, s` = 1). Moreover, there are still many of
other channels are allowed in heavy quark symmetry,
such as Tc(J
P = 1+, scc = 1, s` = 1)→ J/ψρ, Tc(JP =
0+, scc = 0, s` = 0) → ηcρ, Tc(JP = 2+, scc = 1, s` =
1) → J/ψρ, which may be explored in experiment for
the study of exotic states.
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• Different theoretical frameworks may lead to differ-
ent conclusions on the LHCb Pc states. The molec-
ular pentaquark model is one of the attractive options.
Based on it, as an example, the molecular states ΣcD
with JP = 1
2
−
, ΣcD
∗ with JP = 3
2
−
and ΣcD
∗ with
JP = 1
2
−
can well fit to the data [13, 44].
IV. CONCLUSION
In this work we calculated the spectra of the hidden heavy
flavor and doubly heavy flavor pentaquarks, hidden heavy fla-
vor and doubly heavy flavor tetraquarks by virtue of the vari-
ational method. We adopted the model for multiquark system
similar to a hydrogen molecule but with SU(3) color interac-
tions. According to our results, the Set II, Pc(4312)
+ state
observed by LHCb Collaboration could be a ground state of
the multiquark system with spin-parity 1
2
−
or 3
2
−
, while the
Pc(4440)
+ and Pc(4457)
+ might be excited states with 1
2
−
.
These three pentaquarks may all belong to the sextet with
scc¯ = 1 and s` =
3
2
. The hydrogen-like model indicates that
the QQ¯qq′q′′ and QQ¯qq¯′ systems become more attractive and
stable than the QQqq′q¯′′ and Q¯Q¯qq′ systems when the heavy
flavor distance R shrinks. We presented some promising de-
cay channels of those multiquark states considered, which are
left for experiment confirmation. A deeper and wider investi-
gation on multiquark system shall no doubt enlighten us on
the exotic hadrons and the nature of QCD.
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